The present study was designed to present evidence to clarify the relationships between learning ability, neuronal cell adhesion molecule L1 expression and hippocampal structural changes in the rat model received X-irradiation at an embryonic stage (E15). Water maze task indicated that all of the irradiated rats failed to learn the task in the whole training procedure. Their latency to the platform and swimming distance were significant differences from those sham-treated controls. Histological studies showed that the hippocampal ectopias induced by X-rays in the CA1 were involved in the spatial learning impairment, in which they hampered normal processes in learning development and transmission of information. Number, size and positions of the ectopias in the dorsal parts of the hippocampus were confirmed to be related to degrees of spatial learning impairment. On the other hand, L1 expression in the hippocampus was examined with Western blot analysis. The results indicated a lower content of L1 in the irradiated rats. A decrease in L1 might be one of reasons to cause disorganization of the septohippocampal pathways. These findings suggest some mechanisms of spatial learning impairment can be attributed to the formation of the hippocampal ectopias and redaction of L1 following prenatal exposure to X-irradiation.
INTRODUCTION
One of the most severe consequences of prenatal irradiation exposure is damage to the development of central never system (CNS). The developing brain in the CNS is most susceptible to the irradiation. This high vulnerability of the fetal brain is a distinctive teratological characteristic commonly recognized in all mammalian species including hu-man beings (1-4, 7, 8) , typified by a reduction in the size of the cerebral hemisphere (microcephaly) and the presence of ectopic cell masses beneath the cortical white matter (subcortical heterotopia) (4) (5) (6) . Other disorders including mental retardation, attention deficit-hyperactivity disorder and cognitive dysfunction also have been found at a later adult stage in humans who received atomic bomb exposure in Hiroshima and Nagasaki (7, 8) .
In the animal experiments, animals irradiated during the formation stage of the brain showed characteristic malformation of the cerebral cortex and behavioral disorders after they became maturation. These behavioral disorders included an increase locomoter activity and impairments in learning spatial ORIGINAL Spatial learning and expression of neural cell adhesion molecule L1 in rats X-irradiated prenatally tasks (10, 11) . Such disorders depend on the time of irradiation and the type of behavioral task. Some studies have done on brain weight and behavioral changes associated with prenatal irradiation. However, little studies have been reported on the relationship between cognitive impairment and histopathological change of the hippocampus following prenatal exposure to X-irradiation, even though the hippocampus is considered as a central structure for learning and memory storage (12, 13) . The hippocampus appears to be necessary for several types of memory (14-16), but its mnemonic function is particularly clear in tasks for which subjects are required to remember spatial location (17). So spatial learning as one of indices of behavioral changes was selected to use in this study. Moreover, the spatial water maze task is one of the most widely used behavioral tests to assess the effects of various manipulations on spatial learning, ranging from genes to normal aging (18-23), it may provide us an appropriate method to test the task depended on the proper function of the hippocampus.
Many investigations have suggested that cell adhesion molecules in the CNS are implicated in the formation of neural circuits, synaptic plasticity and cognitive function (9, 24) . One such molecule is L1, a well-characterized cell adhesion molecule known to be an integral membrane protein containing six immunoglobulin domains, five fibronectin type III repeats, a single transmembrane region, and an intracellular domain (25). L1 is expressed as a single transmembrane protein with a molecular weight of approximately 200 kDa and has been identified in early forming axon tracts in the developing CNS (26, 27), also in the hippocampus (28-30). However, little attention had been focused on the relation between expression of L1 and learning ability in the brain prenatally exposed to irradiation.
Thus, in the present study, we tested learning ability with the water maze, examined the structure change in the hippocampus with the histological method and identified L1 express with Western blot analysis. Our aim was to present evidence to clarify the relationship between learning ability, L1 expression and hippocampal structural changes in rat model that received X-irradiation at an embryonic stage.
MATERIALS AND METHODS

Experimental animals
Wistar rats purchased from the Shizuoka Labo-ratory Animal Center (Shizuoka, Japan) were kept in a controlled atmosphere of 23!2! !with 55!5% humidity under a 12-h dark/light cycle (7 : 00 A. M.-7 : 00 P. M.). They had free access to food and water in a colony room. Eight-week-old nulliparous females were caged with potent males in pairs overnight and checked for vaginal plugs the next morning. The day on which a vaginal plug appeared was as day 0 of pregnancy. Rates with positive plugs were housed in individual cages.
X-irradiation
Pregnant rats were exposed to a single wholebody X-irradiation at a dose of 1.5 Gy on embryonic day 15 (E15). The physical factors of the X-rays used were 200 kVp, 15 mA, 0.5 mm Cu + 0.5 mm Al filter, 90 cm distance, and 0.45 Gy/ minute exposure rate. Control pregnant rats were treated in the same manner, expect for the X-irradiation.
The rats allowed delivering and rearing their litters. The offspring were separated from their mothers at 5 weeks after birth and caged individually under the same conditions as their mothers. At 8 weeks of old, 30 male offspring prenatally exposed to irradiation and 26 control offspring from different mothers were randomly selected to use for the experiments.
Animal care procedures were in accordance with Regulations in Appropriate Animal Breeding and Treatment, Ministry Office of Japan. All efforts were made to minimize the number of animals used and their suffering.
Water maze task
Acquisition of the place task, animals were assessed eight weeks after being born. They were trained to find a clear Plexiglas platform (14 cm diameter) submerged 1.5 cm under the surface of water in a water maze modified according to that described by Morris (31) . This water maze was a circular pool (146 cm diameter, 45 cm high filled with room temperature water (30 cm depth). The invisible escape platform was placed in the middle of one of the quadrants equidistant from the sidewall and middle of the pool. For the acquisition test, rats were given 4 trials /day with a 30 min interval each for five days. Two different starting positions were chosen semi-randomly, where the distance between the start position and the platform was set to be equal ( Fig. 1 ). Every training trial started from one of the two starting points, used in a random sequence similarly for each rat. A trial began by plac- ing the rat into the water facing the wall of the pool at one of the starting points. If the rat failed to escape within 120 sec, it was guided to the platform by the experimenter. Once the rat reached the platform, it was allowed to stay there for 30 sec and, then, placed in a holding cage for an intertribal interval for 30 min. In each trail, the latency to escape onto the platform was recorded with a cut-off time within 120 sec. The swim path was recorded by a CAT-10 image analyzing system (Muromachi Co., LTD, Japan) and a video camera mounted in the ceiling above the center of the pool, which recorded the behaviors of the animals : the latency of individual rat to reach the platform (swimming time), the swimming distance and swim speed. The swim speed which came from distance /latency provided an index of motor function.
In order to analysis the relationship between behavioral changes (learning and spatial cognition in the present study) and brain damage, the rats received prenatal irradiation were divided into the following tree groups based on the mean of swimming time for the 5th block. They were grade 1, slightly damaged group, which reached the platform with 20 sec ; grade 2, moderately damaged group, which reached the platform between 21 sec and 45 sec ; grade 3, severely damaged group, which reached the platform between 46 sec and 120 sec.
Statistical analysis
Escape latencies collected during acquisition and cue training were analyzed as trial blocks per day using an ANOVA (analysis of variance between groups) with repeated measures. All results were expressed as mean !SEM (standard error of the mean). The significance of the differences between the prenatal irradiated group and the control group was analyzed by an unpaired t-test for each block in the water maze task. The level of statistical significance was set at p-value of less than 0.05.
Histological examination
We wanted to evaluate whether behavioral changes (learning and spatial cognition) of the animals were related to their hippocampal lesions, all of the rats in the grade 1-3 groups described in above were selected for a histological study after the water maze test was completed. These rats and their controls were deeply anesthetized with ether, and perfused with Zamboni's fixitive solution (4% formaldehyde and 0.2% picric acid in 0.1 M phosphate buffer, pH 7.3) with a rotary pump via the left cardiac ventricle. Following perfusion, the brain was removed and immersed in freshly made Zamboni's fixitive solution for 1 week. Tissue samples were embedded in paraffin and sectioned coronally at 5 μm with a microtome. Serial coronal sections were prepared from each brain. Every fourth section was kept from the serial sections, stained with hematoxylin and eosin and examined under a light microscope.
SDS-PAGE and Western blot analysis
L1 expression in the hippocampus was detected by SDS-PAGE (Sodium dodecyl sulfate-polyacrylamide gel electrophoresis) and Western Blot Analysis. The tissue blocks were prepared from the hippocampus of the rats when their behavioral tests were finished. Particular attention was given to the dissection and orientation of the tissue blocks in this study. The tissue blocks through the full thickness of the hippocampus were dissected as nearly as possible perpendicular to the longitudinal axis (LA) of the cerebral hemisphere, which was 1.5 mm away from both sides of 1/3 point of LA's total length. This point was local in 1/3 of LA from back side. This tissue block contained a biggest region of hippocampus and could be easy to make. Tissue homogenate (100 μg) was separated by SDS-PAGE under reducing conditions and transferred to nitrocellulose membranes (32). SDS-PAGE analysis was carried out on 7% polyacrylamide gels according to Laemmli (33) . Membranes were blocked with Superblock (Pierce Chemical Company) overnight at room temperature. Membranes were then incubated with ant-L1 monoclonal antibody (1 : 250) (Chemicon) for 120 min, and next incubated with peroxidase-labeled goat anti-mouse IgG (1 : 4000) for 90 min. All membranes were visualized using the enhanced chemiluminescence (ECL) and exposure to ECL Hyperfilm (Amersham Life Science, Inc). The immunoblots of the homogenates a : Control b : Irradiated that were incubated with ant-L1 gave blots with multiple bands.
RESULTS
Water maze performance
All the animals were capable of swimming around the pool. Total thirty irradiated and twenty-six shamtreated rats were trained in 20 sessions to find an underwater invisible platform in the water maze. The control groups swam straight to the reach the hidden platform after training of 2-3 days, while the irradiated rats took a proportion time across the central area to escape onto the platform or went to near the platform of the pool. Representative swimming paths taken on the fifth block (4 trails) were shown in Fig. 1 .
The acquisition learning curve of the rats in water maze indicates a gradual decrease in escape latency with progressive training both in the controls and the irradiated rats. In the control groups, the rats even reached the platform within 10 sec at the last day of trial. However, the irradiated rats spent a longer time and distance to find the platform than the sham-treated groups (Fig. 2a ). The latency to the platform and swimming distance in the irradiated rats significantly increased as compared with the control groups ( Fig. 2a, 2b ). Significant difference in the swimming speed was not found between the controls and the irradiated rats ( Fig. 2c ). Posthoc analysis revealed that the latency to the platform and swimming distance during the first to fifth blocks were significantly higher in the prenatal ir-radiated group than in the sham-treated group.
Brain histological characteristics
Compared with the brain in control animals, the rats received prenatal irradiation on E15 showed an atrophic cerebral cortex with a partially preserved lamination and dilation of the cerebral ventricle. The brain size of the exposed rats was smaller, and thickness of the cerebral cortex was reduced. The weight of the whole brain significantly decreased by about 36% in the rats exposed to irradiation compared with control rats, but significant difference in the brain weigh was not found among the grade 1-3 groups (Data not shown).
Hippocampus with a well-defined cytoarchitecture and laminar-specific organization were observed in the control rats. It could be subdivided into three fields : CA1, CA2 and CA3 (Cornu Ammonis, CA) according to Lorente de NÓ's definitions (Fig. 3a) . However, the principal cellular layer called the pyramidal cell layer became thin, short and broken in the brain of irradiated rats. CA1, CA2, CA3 fields and the dentate gyrus (DG) were also deranged, and the abnormal cell mass which is known as the ectopic neuronal mass formed partially so as to replace the CA1 region (Fig. 3b, 3c ). Based on the position of the abnormal neuronal mass in the irradiated brain, we have defined this kind of the mass as "hippocampal ectopia" in our previous study (5) . Such hippocampal ectopias consisted of displaced pyramid neurons and were confined to the dorsal part of the CA1 field of Ammonis horn. These neurons extended in to the adjacent stratum oriens.
In order to explore the relationship between his- Fig. 2 . Acquisition learning curve of rats on the water maze task. Blocks of 4 trials/day were represented in the horizontal axis in each graph.(a). Repeated measures of two-way ANOVA indicated that the mean escape latency (sec) was significant difference between the sham-treated group and the prenatally irradiated group, (*p!0.001). (b). Repeated measures of two-way ANOVA reveled that the mean swimming distance (cm) was significant difference between the sham-treated group and the prenatally irradated group, (*p!0.001). (c). Difference in the swimming speed (cm/sec) on the cued version of the water maze task was not found between the sham-treated group and the prenatally irradiated group. Post-hoc analysis showed that the latency to the platform and swimming distance during the first to fifth blocks were significantly higher in the prenatallly irradiated group than in the sham-treated group (*p!0.001).
Mean !SEM. tological changes of the hippocampus and spatial learning impairment, we compared number, size and positions of the hippocampal ectopias in slightly damaged group, moderately damaged group and severely damaged group, the results were shown in Table 1 . The degree of the spatial learning impairment depended on abnormal structures : number, size and positions of the hippocampal ectopias in the brain.
Expression of neural cell adhesion molecule L1
The expression of neural cell molecule L1 in the hippocampus was examined with SDS-PAGE and Western blot analysis. The controls with non-L1 antibody or with the secondary antibody were negative. The results of L1 expression were shown in the Fig. 4 . The immunoblots revealed specific bands of L1 at 200, 180, 140 and 80 kDa both in the shamoperated rat and the irradiated group. However, the bands in the irradiated group were very weak when compared with the control, even at the place of 80 kDa protein marker, the band had disappeared (Fig. 4) . The result suggested that prenatal irradiation exposure resulted in weak and rare L1 expression. Table 1 . Relationship between learning impairment and hippocampal ectopias in the rats prenatally exposed to X-irradiation 
DISCUSSION
Water maze is a behavioral procedure designed to test learning, spatial memory. Our study showed that all of the rats prenatally irradiated to X-irradiation on E15 failed to learn the water maze task in the whole training procedure. They swam a long distance and spent much time to find the hidden platform under water, while their swim speed which was calculated from distance/latency was no so difference when it is compared to the sham-control animals. The results clearly indicated that prenatal irradiation exposure did not cause an obvious motor dysfunction, but it selected to affect the function in spatial cognition.
It is thought that water maze task depend on the proper cytoarchitecture and function of the hippocampus (34) , The rats exposed on E15 in the present study showed an abnormal laminar formation in the cerebral cortex and a characteristic malformation in the hippocampus, where hippocampal ectopias formed and displaced pyramidal neurons. The reasons is that E15 for rats is a critical stage for histogenesis of the cerebral cortex and the hippocampus, which corresponds to a time when an apparent dramatic surge normally results in neurogenesis along with the establishment of architectonic stratification of the cerebral wall and the hippocampal structure (6, (35) (36) (37) (38) . Therefore, X-irradiation exposure on E15 could cause extensive cell death in the rat brain and an increase in the incidence of malformation and neurological dysfunction.
The histological alterations (hippocampal ectopias) induced by X-rays in the hippocampus were involved in the learning disability. We compared the histological alterations in the hippocampus and found that almost of hippocampal ectopias located in the dorsal parts of the CA1 (Table. 1 ). The current knowledge from neuroanatomical studies have shown that, the dorsal hippocampus is a crucial structure for spatial learning, in which there are a greater number of complex spike cells (pyramidal cells) with finely tuned spatial receptive fields (39) , supporting the essential nature of the dorsal hippocampus in successful navigation (40) . These conclusions could help us to explain our results, why irradiated animals with dorsal hippocampal lesions lost abilities for learning the localization of a hidden escape platform in the pool during both a reference memory task and a working memory task.
One outstanding issue also raised as to whether the degrees of spatial learning impairment were cor-related to the histological changes of the hippocampus. Further comparison of the latency in the each group (grade 1, 2 or 3 group divided by swimming time) and their data of histological examination (Table 1) , we interestingly found that the smaller ectopic neuron masses appeared at CA1 of the hippocampus in the some rats of grade 1 (2/5) ; extensive and larger ectopic neuron masses located and occupied much more CA1 regions in the most cases of the grade 2 (7/9) ; while in the grade 3 group, two ectopic neuron masses associated with severely deranged laminar structures were commonly observed to exit in the bilateral dorsal hippocampus (13/16). The results revealed a clear structure-function relation : extensive damage of the hippocampcal regions was consistent with severe deficient in the memory processes. It also strongly supported the view that the dorsal hippocampus was related to cognitive function. These ectopic neuron masses in the hippocampus hampered normal processes in learning development and transmission of information in the hippocampus, finally resulted in learning and cognitive deficient. The degrees of spatial learning impairment could be attributed number, size and positions of the hippocampal ectopias.
Cell adhesion molecules of the immunoglobulin superfamily, such as the neural cell adhesion molecule and L1, are cell-surface macromolecules that, through their recognition and adhesion properties, regulate cell-surface interaction and have been reported to play an important role in cognitive functioning. L1 is expressed primarily on the surface of axonal shafts and growth cones of developing neurons (41) (42) (43) , and axonal tracts such as thalamocortical and hippocampal commissural projections (29, 44, 45) . L1 appears to be important in establishing fasciculated axonal pathway. L1-deficient mice display septal and hippocampal abnormalities characterized by small septal nuclei at the medial line and a reduced number of hippocampal cells (46) . L1 is the only neuronal cell adhesion molecule of its class known to be associated with a human disease. Mutations in the human L1 gene have been linked to the MASA syndrome (consisting of mental retardation, aphasia, shuffling gait, and adducted thumbs) (47) (48) (49) . It is known to that L1 is present on hippocampal tracts at a time at which the septohippocampal pathway develops (30, 50) and spatial learning requires the appropriate septohippocampal pathways which involve in regulating functions of the hippocampus such as cognition and hippocampal arousal. Such the pathway that is well known to atrophy in Alzheimer's disease patients who have primary symptoms including memory loss, disorientation, confusion, and problems with reasoning and thinking. Interestingly, the rats prenatally irradiated to X-rays in our experiments showed a lower content of L1 in the hippocampus when it was compared with their control rats. We presumed that septohippocampal pathways were disorganized due to L1 reduction following irradiation exposure.
In addition, leaning and spatial cognition also involved in many factors (neurotophic factor, nerve growth factor and some transmission, etc). In the animal experiments, formation of the hippocampal ectopias had changed expression and transmission of some factors concerning learning and cognitive function. Rats prenatally treated with chemical drugs (methylazoxymethanol, MAM) presented hippocampal ectopias associated with significantly increasing in the brain nerve growth factor (NGF) and in the brain-derived neurotrophic factor (BDNF), and reducing in choline acetyltransgerase (ChAT) immunoreactivity in cholinergic neurons. Both NGF and BDNF are neurotrophic factors important in the development and maintenance of neurons and synaptic connectivity, and ChAT is the enzyme that catalyses acetylcholine formation. All of these proteins have been shown to be important in cognition and maintenance of the septohippocampal pathway (51) (52) (53) . Changes in NGF, BDNF and ChAT produced cognitive deficients. Moreover, primarily acetylcholinergic septohippocampal pathway, including choline acethyltransferase and muscarinicacethylcholine (mACh) receptor, has been shown to play important roles in learning and spatial cognition. In our previous experiments, we have confirmed that mACh receptor binding was selectively decreases about 10% in the hippocampus, but not in the cerebral cortex after prenatal irradiated to Xirradiation in the rat model which was the same as using in this study. Irradiation might be producing significant neurotrophic factor and enzymatic changes along this pathway that might result in cognitive impairment on the water maze.
Leaning and spatial cognition is a complex developing process and also highly sensitive to various physical including to irradiation. Any disturbance of the normal process during the embryonic stage may result in disorder of leaning and spatial cognition. The finding reported here have shown some mechanisms of leaning and spatial cognitive impairment, which may be attributed to the formation of hippocampal ectopias and redaction of L1 follow-ing prenatal exposure to X-irradiation, but other damages in the septohippocampal pathways and hippocampus need further studies. 
